Transforming growth factor-␤ (TGF-␤) signals through both SMAD and non-SMAD pathways to elicit a wide array of biological effects. Existing data have shown the association and coordination between STATs and SMADs in mediating TGF-␤ functions in hepatic cells, but it is not clear how STATs are activated under these circumstances. Here, we report that JAK1 is a constitutive TGF␤RI binding protein and is absolutely required for phosphorylation of STATs in a SMAD-independent manner within minutes of TGF-␤ stimulation. Following the activation of SMADs, TGF-␤ also induces a second phase of STAT phosphorylation that requires SMADs, de novo protein synthesis, and contribution from JAK1. Our global gene expression profiling indicates that the non-SMAD JAK1/STAT pathway is essential for the expression of a subset of TGF-␤ target genes in hepatic stellate cells, and the cooperation between the JAK1-STAT3 and SMAD pathways is critical to the roles of TGF-␤ in liver fibrosis.
Transforming growth factor-␤ (TGF-␤) and its related factors have a broad array of regulatory functions ranging from specifying tissue pattern formation during embryonic development to maintaining physiological homeostasis in the adults (1) . The function of TGF-␤ varies and even can be opposing in different cells and at different developmental and disease stages. One example of this contextuality is the dichotomy of the roles of TGF-␤ in liver diseases. TGF-␤ contributes to all stages of chronic liver disease development, from liver injuries caused by inflammation and fibrosis to cirrhosis and hepatocellular carcinoma (2) . TGF-␤ has cytostatic and apoptotic effects on hepatocytes and consequently is critical for controlling liver mass during development and liver regeneration. Loss of TGF-␤ signaling in the liver thus is frequently associated with hyperproliferative disorders and cancer. However, high levels of TGF-␤, as a consequence of liver injury and damage, activate hepatic stellate cells (HSCs), 3 promote myofibroblast transdifferentiation, and stimulate production of extracellular matrix. All of the above lead to fibrosis and cirrhosis, upon which hepatocellular carcinoma and hepatic failure develop.
TGF-␤ signals by binding to a core complex of heteromeric type I (TGF␤RI) and type II (TGF␤RII) transmembrane receptors, each equipped with an intracellular Ser/Thr kinase domain (3) . The ligand binding to the receptor complex leads to phosphorylation and thereby activation of TGF␤RI by the cytoplasmic kinase domains of TGF␤RII. The activated TGF␤RI further phosphorylates and activates SMAD2 and SMAD3, which then form a heteromeric complex with SMAD4 and accumulate in the nucleus to regulate target gene expression. Activated TGF-␤ receptors also signal through a multitude of other signal transducers that are collectively known as non-SMAD pathways (4) . The receptor-activated, non-SMAD transducers can mediate signaling responses as stand-alone pathways, in conjunction with SMADs, or converge onto SMADs to control SMAD activities. For instance, simultaneous inputs from SMAD and p38 MAPK pathways are required to generate a full-fledged apoptosis in hepatocytes; both of these conduits are important for the tumor suppresser role of TGF-␤ (5).
To broaden our understanding of how TGF-␤ signal is conveyed in liver cells, particularly through the non-SMAD pathways, we sought novel TGF␤RI binding partners using stable isotope labeling by amino acids in cell culture (SILAC) (6) . Here, we describe the identification of JAK1 as a TGF␤RI-interacting protein and show that JAK1 activates STAT3 in both SMAD-independent and -dependent manners in response to TGF-␤ in hepatic cells. We further demonstrate that STAT3 is required to cooperate with SMAD3 for mediating TGF-␤-induced fibrotic response in hepatic stellate cells. A, SILAC experiment to discover T␤RI-interacting proteins. AML12 cells were labeled with L-lysine and L-arginine (K0R0, light) or (K8R10, heavy), respectively. The cells cultured in K8R10 medium (heavy) were transfected with FLAG-TGF␤RI, whereas the cells cultured in K0R0 medium (light) were transfected with an empty vector. The cell lysates were combined at equal protein amounts and subjected to MS quantitation. A cut-off of 1.3 heavy/light (H/L) protein ratio was set to weed out background contaminants. B, JAK1, STAT1, and STAT2 were identified as potential TGF␤RI-interacting proteins from the screen. C, JAK1 interacts with Myc-tagged wild type TGF␤RI as well as TGF␤RI mutants in HEK293 cells. TD, constitutively active; KR, kinase-dead; M (mL45), SMAD binding-defective. D, JAK1 interacts with purified cytoplasmic domain of TGF␤RI in vitro. E, JAK1 interacts with TGF␤RI endogenously. AML12 cells were subjected to immunoprecipitation by TGF␤RI antibody or control IgG. The presence of JAK1 in the immunoprecipitated protein complex was detected by Western blotting. F, PLA was used to detect the in vivo interaction of JAK1 and TGF␤RI in LX-2 cells. LX-2 cells were treated with Ϯ4 ng/ml TGF-␤ for 5 min, and the cells were incubated with both JAK1 monoclonal antibody and TGF␤RI polyclonal antibody. Negative control (NC) cells were incubated with TGF␤RI polyclonal antibody and normal mouse IgG. Scale bar, 10 M.
Results
Identification of JAK1 as a TGF␤RI-interacting Protein-To search for additional protein effectors that mediate the SMADindependent, noncanonical TGF-␤ signaling, we sought new binding partners of TGF␤RI using SILAC (Fig. 1A) . The AML12 mouse hepatocytes were chosen in this experiment for their robust responses to TGF-␤ through both the SMAD and non-canonical JNK and p38 MAPK pathways (7) . Of 325 proteins that were identified with this approach (supplemental  Tables S1 and S2), 15, including FKBP5, STRAP, SPTBN1, and  TRAP1 , were previously known TGF␤RI-interacting proteins (Table 1) . Also among these 15 known proteins are TAK1 and TAB1, which have been specifically implicated in TGF-␤-induced JNK and p38 MAPK activation (7) (8) (9) . However, we were intrigued by the presence of JAK1, STAT1, and STAT2 in the larger list of potential TGF␤RI-interacting proteins (supplemental Table S2 and Fig. 1B ), especially JAK1, because it implies that the JAK-STAT pathway may play a direct role in mediating TGF-␤ signaling.
To validate the authenticity of the interaction between JAK1 and TGF␤RI, we co-expressed FLAG-tagged JAK1 with Myctagged TGF␤RI and its constitutively active (TD), kinase-deficient (KR), and SMAD binding-defective (mL45) variants in HEK293 cells (10) . Co-immunoprecipitation and Western blotting analyses indicated that all forms of Myc-TGF␤RI interacted specifically with FLAG-JAK1 (Fig. 1C) , suggesting that this interaction occurs constitutively. To determine whether JAK1 directly interacts with TGF␤RI, we conducted an affinity pull-down assay using the cytoplasmic fragment of TGF␤RI (T␤RIc) produced and purified from the baculovirus-insect cell expression system and the full-length FLAG-JAK1 produced and purified from transiently transfected HEK293 cells, and the result confirmed the binding (Fig. 1D) . Interaction between endogenous TGF␤RI and JAK1 was also confirmed by immunoprecipitation in AML12 cells, in which JAK1 was specifically co-precipitated by anti-TGF␤RI antibody (Fig.  1E ) and visualized using a proximity ligation assay (PLA) in human hepatic stellate LX-2 cells (Fig. 1F) . The binding between JAK1 and TGF␤RI appeared to be constitutive in nature because FLAG-tagged JAK1 interacted indiscriminately with Myc-tagged WT, TD, KR, or mL45 mutant forms of TGF␤RI (Fig. 1C) , and TGF-␤ treatment did not alter the outcome of JAK1 and TGF␤RI interaction in PLA experiments (Fig. 1F) .
JAK1 Mediates the TGF-␤-induced Early Phase Phosphorylation of STAT3-In classical cytokine signaling pathways, binding of various ligands, such as interferons, interleukins, and growth factors, to their cognate receptors activates the corresponding JAKs, which in turn recruits STAT proteins to the receptor and activates them through tyrosine phosphorylation (11) . To determine whether any of the STAT proteins are phosphorylated in response to TGF-␤, we treated AML12 as well as human hepatocellular carcinoma HepG2 and Hep3B cells with TGF-␤ and examined the levels of tyrosine-phosphorylated STAT1 and STAT3 over the time course as indicated. The results showed two phases of phosphorylation of both STAT1 and STAT3 in HepG2 cells with an initial rapid activation peaking at 5 min after the ligand stimulation, followed by a late phase that began 1 h after and progressively reached a plateau 4 h after the stimulation ( Fig. 2A, middle) . Interestingly, the temporal order of this bi-phase activation straddled over the time course of SMAD3 activation, which peaked about 0.5-1 h after the ligand stimulation ( Fig. 2A) . In AML12 cells, the level of phosphorylated STAT1 was too low to be detected, but a robust late phase activation of STAT3 was readily observed (Fig. 2A, left) . Once again, according to the paradigm of cytokine signaling, the attenuation of initial STAT1 and STAT3 phosphorylation is causally associated with expression of SOCS (suppressor of cytokine signaling), which physically binds JAKs and inhibits their kinase activities and STAT phosphorylation (12). Indeed, in Hep3B cells, which are deficient for SOCS1 (13), we observed STAT3 phosphorylation being sustained at a high level 5 min after the ligand stimulation, whereas the level of phosphorylated STAT1 was persistently high even before the stimulation ( Fig. 2A, right) . This biphasic pattern of STAT1 and STAT3 phosphorylation induced by TGF-␤ was also observed in human hepatic stellate LX-2 cells, although the initial phase of STAT1 phosphorylation was much weaker compared with that of STAT3 (Fig. 2B ). To determine whether JAK1 is required for STAT3 phosphorylation induced by TGF-␤, we AML12 cells cultured in K8R10 medium (heavy) and K0R0 medium (light) were transfected with FLAG-TGF␤RI or control FLAG-vector, respectively. Cell lysates from the above were combined and subjected to FLAG immunoprecipitation, trypsin digestion, and MS analysis. Proteins that were identified by at least two unique peptides were quantified, and those whose heavy/light ratio was Ն1.3 were considered as potential TGF␤RI-interacting proteins. depleted JAK1 in LX-2 cells using siRNA and found that the initial rapid phase of STAT3 phosphorylation was diminished, whereas the late phase still persisted, albeit to a lesser extent (Fig. 2B ). This result indicated that JAK1 is at least required for the early phase phosphorylation of STAT3, whereas other kinases might contribute to the late phase phosphorylation of STAT3.
Protein ID

TGF-␤ Induces the Early Phase of STAT3 Phosphorylation Independent of
SMADs-To formally demonstrate that the TGF-␤-induced phosphorylation of STATs is part of the TGF␤RI-mediated signaling response, we incubated LX-2 cells with SB431542 (ALK5i), a chemical inhibitor of TGF␤RI, before the addition of the ligand. This treatment abolished both the early and late phase phosphorylation of STAT3 (Fig. 3A) . We further knocked down the expression of TGF␤RI in LX-2 cells and found that this experimental manipulation also led to a drastic reduction of STAT3 phosphorylation in both phases following TGF-␤ stimulation (Fig. 3B) .
The facts that SMAD-binding defective TGF␤RI (10) is capable of binding JAK1 and that TGF-␤-induced SMAD phosphorylation follows the early but precedes the late phase of STAT phosphorylation raise an interesting possibility of SMAD-independent STAT3 phosphorylation in the early phase. To test whether this was the case, we took advantage of Smad2 flox/flox Smad3 ϩ/ϩ and Smad2 flox/flox Smad3 Ϫ/Ϫ MEFs to create cells that lack SMAD2 only (Smad2 ⌬/⌬ Smad3 ϩ/ϩ ) or lack both SMAD2 and SMAD3 (Smad2 ⌬/⌬ Smad3 Ϫ/Ϫ ) after infecting them with adenoviruses expressing the CRE recombinase. The results indicated that regardless of the absence of SMAD2 alone or SMAD2 and SMAD3 in combination, the early phase phosphorylation of STAT3 was unaffected, but whenever SMAD3 was removed, the late phase phosphorylation of STAT3 was blocked (Fig. 3C) . Further experiments in LX-2 cells using cycloheximide (CHX) showed that blocking protein synthesis also inhibited the late phase phosphorylation of STAT3 (Fig.  3D) . Thus, in keeping with the paradigm set by interferon and interleukin signaling responses, TGF-␤-induced early phase phosphorylation of STATs is a SMAD-independent, non-canonical signaling response, whereas the late phase phosphorylation requires SMAD3-mediated transcription and de novo protein synthesis. 
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Significance of TGF␤RI-activated STAT3 in TGF-␤ Signaling-To address the significance of TGF␤RI-activated STAT3 in TGF-␤ signaling, we compared the gene expression profiles in LX-2 cells associated with silencing STAT3 expression using siSTAT3 following 2 h of TGF-␤ treatment (Fig. 4A) . We found 202 genes in the non-silenced control cells whose activity registered at least a 1.5-fold increase in response to TGF-␤ stimulation (supplemental Table S3 ). Of these 202 genes, 126 in the siSTAT3-silenced cells showed at least a 40% reduction in their response to TGF-␤ ( Fig. 4A and supplemental Table S4 ). We also noticed that the basal expression of two genes, IL11 and SLC19A2, was reduced significantly in the silenced cells, although the -fold induction by TGF-␤ did not change much (supplemental Table S4 ). These 128 genes constitute potential targets of STAT3-dependent TGF-␤ signaling. Many well known targets of TGF-␤ and SMAD-mediated transcription targets, including JUNB, SMAD7, SNAI1, and ID1, were identified in this cohort of STAT3-dependent genes. This list also includes known ligand IL11, LIF, and PDGFB, whose expression could be essential for promoting STAT3 phosphorylation in the late phase. In addition, SOCS3, the classical negative feedback regulator of the JAK-STAT pathway, which plays an important role in the rapid attenuation of STAT3 phosphorylation at the end of the first phase, was also present in the list.
The requirement of JAK1 and STAT3 for the induction of these genes by TGF-␤ was confirmed by quantitative RT-PCR (qRT-PCR), as was that of SMAD2 and/or SMAD3, although each gene showed a varying degree of reliance on SMAD2 or SMAD3 (Fig. 4B) . For instance, knockdown of SMAD3, which is required for late phase STAT3 phosphorylation, had no effect on LIF expression and only slightly affected PDGFB and SOCS3 expression (Fig. 4B) , suggesting that the early phase of STAT3 activation plays an important role in some TGF-␤ target genes. Overall, these results also indicated that the JAK1-STAT3 pathway is essential for eliciting TGF-␤ signaling responses in a subset of target genes.
The Interplay between STAT3 and SMAD3 in TGF-␤-induced Transcriptional Responses-Functional interaction between SMADs and STAT3 has been reported to either enhance or antagonize STAT3-mediated transcription in hepatoma cells (14, 15) . Physical interaction between SMAD3 and STAT3 was also reported (16) . Moreover, unphosphorylated SMAD3 was also shown to be capable of recruiting PIAS3 (protein inhibitor of activated STAT3) to inhibit STAT3-dependent transcription by blocking DNA binding (17) . To reconcile this mixed bag of information in the setting of biphasic activation of the JAK1-STAT3 axis that we observed here, we first examined the physical interaction between STAT3 and SMAD3 in LX-2 cells. We observed an enhancement of affinity between endogenous STAT3 and SMAD3 following 5 min of TGF-␤ stimulation; however, this interaction was weakened after 2 h of TGF-␤ stimulation, when SMAD3 became associated with SMAD4 (Fig. 5A) . In lieu of the time course of SMAD3 phosphorylation in LX-2 cells (Fig. 2B) , this result implied that the association of SMAD3 with SMAD4 dislodged the C-terminal phosphorylated SMAD3 from STAT3, which prefers the unphosphorylated SMAD3 as a binding partner. To assess the functional cooperation of STAT3 and SMAD3 in transcription, we used chromatin immunoprecipitation (ChIP) to examine their ability to bind the JUNB promoter. The JUNB promoter contains a well characterized proximal STAT3 binding site (18, 19 ) and a well characterized distal SMAD3 binding site (20) . Our results showed that although robust and specific binding of STAT3 or SMAD3 to their respective sites was observed after 2 h of TGF-␤ stimulation, little STAT3 was found associated with the proximal site in the JUNB promoter in the first 5 min of activation, unless SMAD3 expression was knocked down with siSMAD3 (Fig. 5, B and C). These results suggested that unphosphorylated SMAD3 indeed possesses the ability to inhibit STAT3 binding to DNA, but it only does so during the early phase of activation of the JAK1-STAT3 axis. Our results also indicated that knockdown of STAT3 or SMAD3 did not affect the binding of the other party at its cognate site in the JUNB promoter in the late phase of activation (Fig. 5, B and C) , suggesting that 
Both STAT3 and SMAD3 Are Required for TGF-␤-induced HSC Proliferation and Myofibroblast Differentiation-TGF-␤
is a strong driving force that compels HSCs to differentiate toward myofibroblast during liver damage and fibrosis (2, 21) . This process is characterized by increased proliferation, synthesis of extracellular matrix components, and formation of ␣-smooth muscle actin (␣-SMA) stress fibers. To assess the role of STAT3 in the TGF-␤-induced fibrosis, we first examined the effect of TGF-␤ on the proliferation of STAT3-depleted or SMAD3-depleted LX-2 cells. The results indicated that whereas non-silenced control cells mounted a normal proliferative response to TGF-␤, depleting either STAT3 or SMAD3 rendered cells unresponsive (Fig. 6A) . The requirement of STAT3 and SMAD3 in TGF-␤-induced proliferative response correlates with their role in induction of MYC expression (Fig. 6B) . We next examined the TGF-␤-induced extracellular matrix production in LX-2 cells using CTGF and collagen I expression as markers and found that both of them were significantly decreased after depleting either SMAD3 or STAT3 (Fig.  6C) . Finally, we conducted immunofluorescence staining of ␣-SMA stress fibers, which marks the differentiation of hepatic stellate cells and the onset of liver fibrosis (22) . In this experiment, LX-2 cells were transfected with siSTAT3 or siSMAD3 and treated with TGF-␤ before immunostaining with ␣-SMA antibody. The results showed a drastic decrease in ␣-SMA expression and formation of ␣-SMA fibers in either STAT3-or SMAD3-depleted cells (Fig. 6D) , indicating that both STAT3 and SMAD3 are positively required for mediating the fibrogenic response of TGF-␤.
Discussion
Over the past decade, several reports have described the cross-talk between JAK-STAT and TGF-␤ pathways in hepatic cells (14, 23) . TGF-␤ has been shown to potentiate IL-6-induced STAT3 activation in hepatoma cells (14) and activate STAT3 in hepatocytes and HSC cells (24, 25) . Moreover, elevated STAT3 phosphorylation was reported in fibrosis and cirrhosis patient samples in conjunction with TGF-␤ and SMAD3 activation (24, 26) . However, these cases of STAT3 activation were observed hours after TGF-␤ stimulation and therefore were attributed to secondary effects of cytokine or growth factor release triggered by TGF-␤. Here, we report a physical interaction between TGF␤RI and JAK1 and show that TGF-␤ activates STAT3 directly through JAK1 within minutes of stimulation. Our data also suggest that this early phase of TGF-␤-induced, SMAD-independent activation of STAT3 primes the cells for further and stronger activation of STAT3 in the late phase, possibly by triggering the expression of various cytokines and growth factors.
The transcriptional cooperation between SMAD3 and STAT3 through p300 in hepatocytes was reported previously (14) . This observation is consistent with our finding that activated SMAD3 and STAT3 bind to their respective DNA binding sites in the JUNB promoter to enhance TGF-␤-mediated transcription in HSCs. However, unlike their functional cooperation in transcription, the direct physical interaction between SMAD3 and STAT3 usually resulted in antagonizing each other. For instance, SMAD3 could bring PIAS3 to STAT3, which inhibits STAT3 DNA binding (17, 27) , whereas overexpression of hyperactive STAT3 traps SMAD3 from SMAD3-SMAD4 complex formation (16) . It seems that the phosphorylation status of SMAD3 determines whether it inhibits or cooperates with STAT3 in transcription.
Like other SMAD-independent non-canonical pathways, TGF-␤-induced activation of JAK-STAT is also cell context-dependent. The rapid early activation of STAT3 was observed in HSCs and fibroblasts but not in normal hepatocytes. This cell contextual difference in STAT3 activation could have implications in liver fibrosis, in which TGF-␤1 is considered a pivotal profibrogenic cytokine. Like TGF-␤, STAT3 activation was detected in all rodent models for liver injury and fibrosis. STAT3 in hepatocytes was shown to play a protective role in preventing liver fibrosis (28 -30) ; however, it facilitates fibrogenesis in HSCs because mice devoid of STAT3 in HSCs (GFAPStat3 Ϫ/Ϫ mice) are less susceptible to BDL-or CCL4-induced liver fibrosis (31) . Similarly, in LX-2 cells, we observed that STAT3 is required for TGF-␤-induced HSC proliferation, collagen I expression, and ␣-SMA stress fiber organization. These findings suggest that in addition to SMAD3, STAT3 directly participates in HSC activation and transdifferentiation in response to TGF-␤ and subsequent hepatic fibrosis.
Experimental Procedures
Antibodies and Reagents-Anti-FLAG-peroxidase (A8592, Sigma), anti-SMAD3 (ab40854, Abcam), anti-Ser(P)-423/ Ser(P)-425 of SMAD3 (600-401-919, Rockland), anti-SMAD2 (ab33875, Abcam), anti-Myc (2278, Cell Signaling Technology), anti-␣-tubulin (T9026, Sigma), anti-␤-actin (ab8226, Abcam), anti-HSC70 (sc-7298, Santa Cruz Biotechnology, Inc.), anti-STAT3 (9139, Cell Signaling Technology), anti-STAT3 (Tyr(P)-705) (9131, Cell Signaling Technology), anti-JAK1 (3344, Cell Signaling Technology), anti-TGF␤RI (sc-398, Santa Cruz Biotechnology), anti-CTGF (ab6992, Abcam), anticollagen I (MA1-141, Thermo Fisher Scientific), rhodamine phalloidin (R415, Thermo Fisher Scientific), and anti-␣-SMA (A2547, Sigma) were used for Western blotting, immunoprecipitation, or immunofluorescence. Cycloheximide (catalog no. 239763) was purchased from Millipore. Knockdown experiments were performed using the following predesigned siRNAs: non-silencing control siNS (1027310, Qiagen), siTGF␤RI (SI02223627, Qiagen), siJAK1 (SI00605514, 
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Qiagen), and siSTAT3 (6582S, Cell Signaling Technology). Validated siSMAD2 and siSMAD3 were described previously (5) .
Cell Culture, TGF-␤ Stimulation, and Immunoprecipitation-AML12 cells were cultured in DMEM/F-12 supplemented with 10% fetal bovine serum (FBS), 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium, and 40 ng/ml dexamethasone. For the anti-TGF␤RI immunoprecipitation (IP) experiment, cells were harvested in FLAG lysis buffer containing 25 mM Tris-HCl, pH 7.5, 300 mM NaCl, and 1% Triton with protease and phosphatase inhibitors. The TGF␤RI protein complex was immunoprecipitated by anti-TGF␤RI antibody, and the presence of JAK1 in the protein complex was detected by Western blotting.
In Vitro Binding Assay-HEK293 cells transfected with FLAG-JAK1 (DU4539, University of Dundee) or control FLAG vector were precipitated by anti-FLAG-agarose (A2220, SigmaAldrich). After thorough washing, the agarose beads were incubated with purified T␤RIc (34) for 2 h at 4 ºC. After a brief spin, supernatants were removed, and agarose beads were thoroughly washed before FLAG-JAK1 was eluted with FLAG peptide (F3290, Sigma-Aldrich). If there was an interaction between T␤RIc and JAK1, T␤RIc would be also eluted. The elution fraction was subjected to Western blotting analysis.
SILAC (6) . The cells cultured in K8R10 medium (heavy) were transfected with FLAG-TGF␤RI, whereas the cells cultured in K0R0 medium (light) were transfected with a control FLAG vector. The cell lysates were combined at equal protein amounts. The combined cell lysates were subjected to FLAG immunoprecipitation and eluted with FLAG peptides. The eluted proteins were reduced, alkylated, and trypsin-digested overnight following a filter-aided digestion procedure using a FASP digestion kit (Protein Discovery, San Diego, CA) according to the vendor's protocol. Tryptic peptides were desalted, lyophilized, and reconstituted in 25% acetonitrile with 0.1% formic acid and further fractionated using strong cation exchange chromatography. The strong cation exchange fractions of the samples were pooled into nine fractions each, lyophilized, and reconstituted in 0.1% trifluoroacetic acid to be analyzed by LC-MS.
The LC-MS/MS data were processed using MaxQuant software (version 1.5.2.8). MS/MS data were searched by the Andromeda search engine against a Uniprot Mouse database containing both forward and reverse sequences as well as a common contaminant database in MaxQuant. The false discovery rate was set to 0.01 for both peptide and protein identifications. Protein identifications and quantitation results were further filtered and processed using the Perseus program (version 1.5.1.6) to generate normalized protein ratios. Only proteins that were identified by two unique peptides were used in further analysis. If a protein had a heavy/light ratio of Ͻ1.3, it was categorized as a background contaminant. The list of potential TGF␤RI-interacting proteins whose heavy/light ratios were Ն1.3 was further filtered to remove "common contaminants" that are often found in FLAG IP affinity purification as defined by the CRAPome (35) .
RNA Extraction, Microarray Analysis, and qRT-PCR-Total RNA from LX-2 cells was extracted by the RNeasy minikit (74104, Qiagen) according to the manufacturer's instructions. Microarray experiments were performed on Human Gene ST2.0 arrays according to the standard Affymetrix GeneChip protocol at the Affymetrix service core in the Frederick National Laboratory for Cancer Research. The array data were deposited in the Gene Expression Omnibus with the accession number GSE92638. Partek Genomics Suite version 6.6 was used for the microarray data analysis and hierarchical clustering. For qRT-PCR, RNA was converted to cDNA with a reverse transcription kit (4374966, Invitrogen), and the relative gene expression was measured by qRT-PCR. All samples were run in three biological replicates, each with 2-3 technical replicates.
-Fold changes were calculated using the 2 Ϫ⌬⌬Ct method, the calculated threshold values were determined by the maximum curvature, and ⌬Ct was calculated as Ct control Ϫ Ct sample . The primers used for the RT-PCR experiment were as follows: ID1, CTGCTCTACGACATGAACGG (forward) and GAAGGTC-CCTGATGTAGTCGAT (reverse); IL11, CGAGCGGAC-CTACTGTCCTA (forward) and GCCCAGTCAAGTGT-CAGGTG (reverse); JUNB, ACGACTCATACACAGCTA-CGG (forward) and GCTCGGTTTCAGGAGTTTGTAGT (reverse); SNAI1, TCGGAAGCCTAACTACAGCGA (forward) and AGATGAGCATTGGCAGCGAG (reverse); LIF, CCAACGTGACGGACTTCCC (forward) and TACACGAC-TATGCGGTACAGC (reverse); PDGFB, CTCGATCCGCTC-CTTTGATGA (forward) and CGTTGGTGCGGTCTATGAG (reverse); SMAD7, CAAGAGGCTGTGTTGCTGTG (forward) and GGCCTTCCATCCAACTCTCT (reverse); SOCS3, CCTGCGCCTCAAGACCTTC (forward) and GTCACT-GCGCTCCAGTAGAA (reverse); MYC, GGCTCCTG-GCAAAAGGTCA (forward) and CTGCGTAGTTGTGCT-GATGT (reverse); ␤-actin, AACTCCATCATGAAGTGT-GACG (forward) and GATCCACATCTGCTGGAAGG (reverse); 18S rRNA, GATATGCTCATGTGGTGTTG (forward) and AATCTTCTTCAGTCGCTCCA (reverse).
PLA-The PLA was performed using the Duolink system (DUO92101, Sigma-Aldrich) according to the manufacturer's instructions. Briefly, LX-2 cells were grown on BD Falcon 4-chamber slides. After fixation and permeabilization, cells were incubated with anti-JAK1 (monoclonal) and anti-TGF␤RI (polyclonal) primary antibodies together, or anti-TGF␤RI antibody and normal mouse IgG as a negative control. After washing, cells were sequentially incubated with secondary antibodies with PLA probes, ligation solution, and detection solution with thorough washes between each step. PLA signals were visualized using a Leica TCS SP8 confocal system. Image analyses of PLA data were performed using Blobfinder (36) .
ChIP-ChIP was performed using STAT3 antibody (sc-482 X, Santa Cruz Biotechnology), SMAD3 antibody (ab28379, Abcam), or control rabbit IgG plus Protein G beads using the HighCell# ChIP kit (C01010063, Diagenode). Briefly, cells were fixed with formaldehyde, lysed, and sonicated to shear the chromatin. The immunoprecipitated chromatin fragments were eluted and treated with proteinase K. The eluted DNA fragments were quantified by qPCR using primers specific to the JUNB promoter region, bp Ϫ321 to Ϫ44 (forward, CCAGTG-GACTCCAGGGAAATC; reverse, GCGCTAGTCAGC-CACGGAAG) or bp Ϫ2858 to Ϫ2718 (forward, CTGAAT-TACTGTGGCCTCCT; reverse, GCTAATAACTGCAGCTG-ACATC). Values are expressed as the -fold enrichment of the percentage of input.
Statistical Analysis-Statistical differences were calculated by using Student's t test. 
